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Introduction
Sediment-laden rivers in Minnesota cost river users millions of dollars each year (U.S. Army Corps of Engineers, 2006; Minnesota Pollution Control Agency, 2009a) . Excessive sediment in rivers degrades water quality, is deleterious to aquatic habitat, leads to increased navigation channel dredging, reduces recreational opportunities, and can transport harmful contaminants (U.S. Army Corps of Engineers, 2006; Minnesota Pollution Control Agency, 2009a) . The U.S. Army Corps of Engineers, St. Paul District, maintains commercial navigation channels in the upper Mississippi River and lower parts of the Minnesota and St. Croix Rivers (U.S. Army Corps of Engineers, 2001 Engineers, , 2007 Engineers, , 2011 .
The Minnesota and St. Croix Rivers are the two largest tributaries to the Mississippi River upstream from Lake Pepin, each contributing about 25 percent of the total flow into Lake Pepin (Stark and others, 1996; Engstrom and others, 2009;  fig. 1 ). The lower St. Croix River contributes little sediment to the Mississippi River (Blumentritt and others, 2009 ; U.S. Army Corps of Engineers, 2011). In contrast, sediment loads in the Minnesota River have been a concern among Minnesota State agencies. About 85-90 percent of the sediment being deposited into Lake Pepin originates from the Minnesota River Basin (Engstrom and others, 2009; Minnesota Pollution Control Agency, 2015) .
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St. Peter Sampling site and station number (table 1) Introduction Lake Pepin is an important recreational and commercial resource that is about 50 miles (mi) downstream from the Minneapolis-St. Paul (hereafter referred to as "Twin Cities") metropolitan area of Minnesota. A sediment coring study demonstrated that sediment loading to Lake Pepin has increased by an order of magnitude since 1830, and the highest sediment accumulation rates were between 1940 and 1970 (Engstrom and others, 2009) . Generally poor water quality in Lake Pepin reflects the combined effects of urban and agricultural developments in the basin (Engstrom and others, 2009 ). The Minnesota Pollution Control Agency (MPCA) is addressing sediment-related impairments in Lake Pepin by developing total maximum daily loads for total suspended solids (TSS) in the Minnesota and the Mississippi Rivers. To help meet water-quality targets of the total maximum daily loads, the MPCA adopted a Sediment-Reduction Strategy that includes 90-and 50-percent reductions in sediment loads by 2040 for the Minnesota River and the Mississippi River between the Twin Cities and Lake Pepin, respectively (Minnesota Pollution Control Agency, 2015) .
The MPCA began collecting suspended-sediment grab samples for analysis of TSS in the early 1970s based on recommendations by the U.S. Environmental Protection Agency. From 2007 through 2011, the U.S. Geological Survey (USGS) and the MPCA completed a cooperative, statewide study that built upon a previous USGS study (Gray and others, 2000) to compare sediment loads calculated using the grab sampling and TSS laboratory methods to sediment loads calculated using standard USGS sampling methods that integrate the width, depth, and velocity of the river cross section (Edwards and Glysson, 1999) and the suspended-sediment concentration (SSC) laboratory method. The study results indicated that grab sampling and TSS laboratory methods underrepresented sediment concentrations by about 50 percent (Ellison and others, 2014) . A subsequent report demonstrated that the grab sampling and TSS laboratory methods accurately estimated concentrations of fine sediments but underestimated sand concentrations compared to the standard USGS sampling and SSC laboratory methods (Groten and Johnson, 2018) . Underrepresentation of sediment concentrations results in inaccurate sediment load computations and subsequent misinterpretations of data that inform management decisions.
Physically collected suspended-sediment samples provide the most accurate measurements of suspended-sediment loads (SSLs) and erosion in a basin, but physical samples do not provide accurate, real-time estimates of SSLs. Historically, SSLs have been estimated by a rating curve approach that relates SSC to streamflow (Crawford, 1991; Horowitz, 2003) , and continuous streamflow records can be used to estimate SSLs for unsampled periods using this approach. However, uncertainties in SSLs based on streamflow are high because of the effects of hysteresis (Walling, 1997) , which means that the relation between streamflow and SSC changes between the rising and falling limb of the streamflow hydrograph (Knighton, 1998) . Sediment transport and streamflow also do not correlate well in regulated or supply-limited systems; therefore, accurate and cost-effective methods for providing real-time sediment information could help the U.S. Army Corps of Engineers better maintain the commercial navigation channel. In addition, real-time sediment information can help State agencies monitor progress toward sediment reduction goals and effectiveness of implemented best management practices and other restoration activities.
From water years (WYs) 2015 through 2017, the USGS, with funding from the Environment and Natural Resources Trust Fund and in cooperation with the U.S. Army Corps of Engineers, Lower Minnesota River Watershed District, MPCA, and Minnesota Department of Natural Resources, installed and operated side-looking acoustic Doppler velocity meters (ADVMs) at nine streamgages in the Minnesota, Mississippi, and St. Croix Rivers upstream from Lake Pepin. The ADVMs emit sound pulses into the water and measure the strength of the returned pulses (called acoustic backscatter) after reflecting off sediment and other particulate matter in the water. The measured acoustic backscatter data were used as a surrogate for SSCs according to methods in Landers and others (2016) . The measured acoustic backscatter data were corrected for various losses to compute the sediment-corrected backscatter (SCB) and sediment attenuation coefficient (SAC) and then were correlated to SSCs measured from water samples collected using approved USGS depth-integrated, isokinetic techniques. Statistical relations among SCB, SAC, streamflow, and SSC were combined with streamflow data to estimate SSLs at streamgages included in this study.
Purpose and Scope
The purpose of this report is to summarize and interpret collected SSC and acoustic backscatter data to improve understanding of the timing and loading of suspended-sediment transport for the lower Minnesota River, the St. Croix River, and the Mississippi River between the Twin Cities and Lake Pepin. Specifically, the report describes (1) the relations among acoustic backscatter, streamflow, and SSCs in the lower Minnesota River and the Mississippi River (WYs 2012 through 2017); (2) annual and seasonal SSLs (WYs 2015 through 2017); and (3) suspended-sediment budgets for selected reaches on the lower Minnesota River and Mississippi River (WYs 2016 through 2017).
Description of the Study Area
The study area includes parts of the Minnesota River, Mississippi River, and St. Croix River Basins ( fig. 1 ). The outlet of Lake Pepin represents the downstream end of the study area and drains 47,400 square miles (mi 2 ). Lake Pepin is a natural flood plain lake on the Mississippi River that was formed by a tributary fan caused by the confluence with the Chippewa River during the end of the last glaciation (Blumentritt and others, 2009).
Land use in the Mississippi River Headwaters Basin transitions from forest in the northern areas to agricultural areas in the central part and finally to the Twin Cities at the southern end of the basin marked by the confluence with the St. Croix River ( fig. 1 ). The poor water quality in the part of the study area from the confluence of the Mississippi and St. Croix Rivers to the outlet of Lake Pepin ( fig. 1 ) reflects the combined effects of agricultural and urban development upstream (Engstrom and others, 2009) .
The Minnesota River Basin drains 16,900 mi 2 ( fig. 1 ). The Minnesota River flows from the origin along the Minnesota-South Dakota border ( fig. 1 ) across south-central Minnesota for 335 mi to the Mississippi River near the city of St. Paul, Minnesota. The Minnesota River valley was formed by incision from Glacial River Warren (not shown), and tributaries to the Minnesota River flow through highly erodible knickpoints made up of fine-grained till (Minnesota Pollution Control Agency, 2011) .
Land use in the Minnesota River Basin is about 85-90 percent agriculture (Engstrom and others, 2009; Minnesota Pollution Control Agency, 2015) , and modifications in the watershed have altered the manner in which water moves from the landscape to the river channel. Previous work by Schottler and others (2014) in the Minnesota River Basin demonstrated that artificial drainage was the primary factor for an increase in streamflow since 1940 and that climate and crop conversion explained less than one-half of the observed increase in streamflow. Belmont and others (2011) indicated that most of the sediment loading in the Minnesota River Basin has shifted from agricultural erosion to bluff and streambank erosion in the past three decades; furthermore, the increase in streamflow from artificial drainage in the Minnesota River has increased channel erosion and widened channels (Schottler and others, 2014) . Finally, Lenhart and others (2013) (Lenz and others, 2001) . Before European settlement, the St. Croix Basin was dominated by forests, peatlands, and prairie grasslands (Niemela and Feist, 2000; Payne and others, 2002) . Currently, the St. Croix Basin is dominated by forest, pastures, and croplands, with most of the urban lands concentrated in the areas around the lowest 25 mi of the St. Croix River (Heiskary and Vavricka, 1993; Larson and others, 2002) . The final 25 mi of the river forms Lake St. Croix, a natural flood plain lake formed by a tributary fan at the confluence of the Mississippi River during the end of the last glaciation (Robertson and Lenz, 2002; Blumentritt and others, 2009) . Sediment deposition in Lake St. Croix further reduces sediment loads from the St. Croix River into the Mississippi River.
Sampling Sites
A total of 5 sites on the Minnesota River, 3 sites on the Mississippi River, and 1 site on the St. Croix River were sampled for SSCs during this study ( fig. 1; fig. 1 ). The last site at Mississippi River (Lake Pepin) above Reads Landing, Minn. (USGS station 05355341; hereafter referred to as "Pepin"), is at the outlet of Lake Pepin and above the confluence of the Chippewa and Mississippi Rivers ( fig. 1) .
The nine sampling locations represent a wide range of stream gradients that affect relative differences in sedimenttransport capacity throughout the study area ( fig. 2 ; MnTOPO, 2018) . Steeper gradients cause water to flow faster, increasing sediment-transport capacity, and can also cause erosion, which can change river geomorphology. Gradual gradients can lead to slower moving water, which can decrease the sediment transport of the river and lead to sediment deposition. Of the nine sites, Judson had the steepest gradient. The gradient decreased downstream along the Minnesota River at the Mankato, St. Peter, and Jordan sites. The Ft. Snelling site had the most gradual gradient of all Minnesota River sites in the study area because its location in the valley bottomlands is near the confluence of the Minnesota and Mississippi Rivers. Gradients at Mississippi River sites at St. Paul and above Red Wing are affected by locks and dams. Finally, the St. Croix and Pepin sites are affected by backwater in Lake St. Croix and Lake Pepin, respectively. WY 2015, precipitation was less than the historical mean in the upper part of the Minnesota River Basin and similar to historical means in the rest of the study area, with isolated pockets of above average precipitation near the Le Sueur River Basin (not shown; Minnesota River subbasin) and the confluence of the Mississippi and St. Croix Rivers (Minnesota Department of Natural Resources, 2018a). Precipitation during WY 2016 was higher than historical mean precipitation throughout Minnesota, and parts of the Blue Earth (not shown) and Le Sueur River Basins (not shown) received 16-24 inches of precipitation above the historical mean. In the WY 2017, precipitation was similar to the historical mean for much of the study area; however, the upper Minnesota River Basin received more precipitation than the historical mean, whereas the Blue Earth and Le Sueur River Basins received average amounts of precipitation.
Streamflow
Historical mean streamflows measured at long-term streamgages on the Minnesota (the Jordan site; 1935-2017), Mississippi (the St. Paul site; 1901-2017), and St. Croix (St. Croix River at St. Croix Falls, Wisc., USGS station 05340500; 1911-2017) Rivers were used to make general assessments of streamflow during the study period (U.S. Geological Survey, 2018a). Observed streamflow patterns were similar in the Minnesota and Mississippi Rivers, with annual mean streamflows being slightly less than the historical mean in the WY 2015 and substantially higher than the historical mean in WYs 2016 and 2017. In contrast, the annual mean streamflows in the St. Croix River were higher than the historical mean for all study years, but the magnitudes of differences from the historical mean were lower compared to observed differences in the Minnesota and Mississippi Rivers. 
Methods of Data Collection and Analysis
Sampling Methods
Water samples were collected using isokinetic samplers and depth-integrating techniques at equal-width intervals or equal-discharge intervals (Edwards and Glysson, 1999; Davis, 2005) . For collection of water samples, the stream width was divided into 10 equal widths for equal-width interval samples or 5 equal-discharge increments for equal-discharge interval samples. Each isokinetic, depth-integrated sample was collected at the centroid of each increment according to procedures in Edwards and Glysson (1999) . Depending on the river depth and velocity, samples from each centroid were collected from the stream transect with a D-74 or D-96 sampler lined with either a 1-pint glass bottle, a 1-quart glass bottle, or a 3-liter bag. Each sample collected from all the centroids of the stream transect were composited into one sample and sent to the laboratory for analysis.
Acoustic Backscatter Data
During this study, an ADVM was deployed at each of the nine sampling sites (table 1; fig. 1 ). The ADVMs at Ft. Snelling, St. Paul, and Prescott already were installed to compute streamflow using the index velocity method (Levesque and Oberg, 2012) because these sites are affected by backwater. Because these three ADVMs were installed to assist in streamflow computations, the ADVMs were configured differently from methods recommended for using acoustic backscatter data as a surrogate for SSCs (Landers and others, 2016) . For example, these ADVMs were programmed to collect 5 cells of acoustic backscatter data, instead of the 10 cells recommended by Landers and others (2016) . The other six sites (Judson, Mankato, St. Peter, Jordan, Red Wing, and Pepin; table 1) were configured according to recommendations made by Landers and others (2016) and were programmed with 10 cells.
The ADVMs were configured to collect and average backscatter measurements over 12 minutes out of each 15-minute measurement interval. Data were downloaded from ADVMs about every 8 weeks during the duration of the study. Acoustic backscatter data were processed and corrected for signal losses using the Surrogate Analysis and Index Developer software tool (Domanski and others, 2015 ; available at https://water.usgs.gov/osw/SALT/SAID/downloads.html). Acoustic backscatter data were adjusted through three separate corrections: (1) attenuation of the acoustic signal because of beam spreading, (2) acoustic absorption by water, and (3) attenuation of the acoustic signal by suspended sediment. The two acoustic surrogate metrics produced by these corrections were SCB, in decibels, and SAC, in decibels per meter; SCB, SAC, and streamflow were tested as explanatory variables for SSC in the development of linear regression models. Data generated during this study are available as a USGS data release (Groten, 2018 
Laboratory Analysis
Water samples were analyzed for SSC following method D3977-97 (Guy, 1969; American Society for Testing and Materials, 2000) by the USGS Sediment Laboratory in Iowa City, Iowa. Percentage of fines (particle sizes less than 0.0625 mm) also were determined for SSC samples at the same laboratory by wet sieving (Guy, 1969) . Particles that measure greater than or equal to 0.0625-2.0 mm are sands. Results from laboratory analyses are available at the USGS National Water Information System web page (U.S. Geological Survey, 2018).
Statistical Analysis for Suspended Sediment
Data analyses included the computation of summary statistics, the development of linear regression models, and the computation of daily and annual SSL estimates. Data analyses also included the identification of outliers (Groten, 2018) in the datasets, which represent random errors. Outliers were identified by a low percentage of fines (particle sizes less than 0.0625 mm), which indicated a high sand content in the sample. Sample outliers can exist during data collection when the streambed is inadvertently sampled because the sampler disturbed and entrained deposited bed sediment or when the sampler nozzle accidentally contacted a sand dune. Identified outliers were removed before data analysis.
Development of Linear Regression Models
The suitability of acoustic surrogate relations was tested at each site by completing ordinary least squares regression analyses (Helsel and Hirsch, 2002) using acoustic surrogate metrics (SCB and SAC) and streamflow as explanatory variables and SSC as the response variable. Different combinations of simple and multiple linear regressions on untransformed and transformed data were tested. A level of significance (α) of 0.05 was used for all statistical analyses presented in this study. For sites that used acoustic surrogate metrics in the linear regression models, gaps in continuous acoustic data caused by equipment malfunctions were filled using SSC values estimated using streamflow as an explanatory variable in linear regression models to estimate SSC. Gaps in continuous acoustic backscatter data (less than 18 percent of the time) are identified and described in detail in a corresponding USGS data release (Groten, 2018) .
For all nine sites in the study area, Surrogate Analysis and Index Developer was used to develop regression models and evaluate the accuracy of developed models for estimating SSCs. Diagnostic plots, residual errors, and probability values (p-values) were examined to ensure models met the assumptions of ordinary least squares regression analyses (Helsel and Hirsch, 2002) . Streamflow and SSC were log transformed (base-10 logarithms), and bias-correction factors were applied (Duan, 1983) after SSC data were retransformed into the original units. The final linear regression models were used to generate a time series of estimated SSC values and prediction intervals (Helsel and Hirsch, 2002 is the kth explanatory variable (when multiple linear regression is used); and BCF is the bias-correction factor (Duan, 1983) .
Daily and Annual Suspended-Sediment Load Estimates
Daily mean SSC values and 90-percent prediction intervals were calculated from the time series (15-minute interval) of SSCs estimated from linear regression models, and daily SSLs were estimated using the following equation (Porterfield, 1972) :
where SSL is the daily mean suspended-sediment load, in tons per day; Q is the daily mean streamflow, in cubic feet per second; SSC is the daily mean suspended-sediment concentration, in milligrams per liter; and c f is a coefficient (0.0027) that converts the units of streamflow and SSC into tons per day and assumes a specific gravity of 2.65 for sediment. When regression equations were deemed not accurate enough to use as predictive surrogate models (coefficient of determination [R 2 ] less than [<] 0.5), the mean SSC of the collected samples was used with the daily mean streamflow to compute daily mean SSL. A 90-percent confidence interval of each mean SSC was computed (Helsel and Hirsch, 2002) . The daily mean SSL estimates were summed for the WY to obtain the annual SSL estimates.
Streamflow, Suspended-Sediment Concentrations, and Surrogate Relations
Summary statistics of streamflow, SSCs, and acoustic metrics (SCB and SAC) for the nine sites in the study area (table 2; fig. 1 ) demonstrate considerable variability in sediment transport that is likely affected by many factors such as sediment sources, sediment supply, rate of erosion, magnitude, intensity and duration of storm events, and antecedent conditions. The increase in median SSC for the Minnesota River between Judson and Mankato (table 2) likely is a result of sediment from the Blue Earth River entering the Minnesota River just upstream from Mankato ( fig. 1) . The Le Sueur River ( fig. 1) fig. 4 ), whereas suspended-sand concentrations were similar for the Minnesota River between Mankato and St. Peter (table 2; fig. 4 ). In contrast, suspended-sand concentrations decreased in the Minnesota River between Mankato and Ft. Snelling (table 2; fig. 4 ), and suspended-sand concentrations were substantially lower at Prescott and substantially decreased from St. Paul to Red Wing and to Pepin (table 2; fig. 4 ). This observed decrease in suspended-sand concentrations corresponds to a transition from higher gradient stream sites to lower gradient stream sites ( fig. 2) , indicating that higher gradients may provide the velocities required to keep sand particles in suspension. When the stream gradient decreases, the suspended sands likely settle out and deposit in the river channel and (or) flood plain. Also, suspended-fines concentrations followed similar patterns as suspended-sands concentrations.
The Mississippi River upstream from the confluence with the Minnesota River generally is low in SSC. Downstream from the confluences of the Minnesota and Mississippi Rivers and the St. Croix and Mississippi Rivers, streamflows increase because of the contribution of streamflow from these two tributaries ( Groten, 2018) . Because more samples were collected during the rising limb rather than the falling limb of the streamflow hydrograph, there is likely to be hysteresis in SSCs with respect to rising-and falling-limb flow conditions; therefore, this study likely did not capture the full range of variability in SSCs at different streamflows. Thus, the streamflow regression statistics (table 3) likely overestimate R 2 , underestimate standard error, and produce higher biased estimated SSCs for falling-limb conditions. For sites that included acoustic surrogate metrics to estimate SSC in the linear regression model, the models with acoustic metrics consistently explained more variability (had higher R 2 values) than streamflow-based models ( fig. 5 ; Groten, 2018) .
A pattern was evident when comparing surrogate models developed for two sites. Linear regression model forms were similar for Mankato and St. Peter and different compared to the other sites. Similar elevation gradients ( fig. 3 ) and close proximity (13 mi) without an intervening major tributary likely contributed to the similarities in these regression models.
Significant linear relations could not be developed to predict SSC from acoustic data or streamflow for Prescott, Red Wing, or Pepin ( fig. 5) R iv e r a t M a n k a to , M in n e s o ta M in n e s o ta R iv e r a t C o u n ty H ig h w a y 2 2 in S t. P e te r, M in n e s o ta M is s is s ip p i R iv e r a t S t. P a u l, M in n e s o ta S t. C r o ix R iv e r Bias correction factor or "smearing" estimator is used to correct retransformation bias of regression estimates (Duan, 1983) .
seemed to indicate that a strong linear relation could be developed between acoustic data and SSC; however, a large rain event deposited a substantial amount of sediment around the streamgage and buried the ADVM, and the ADVM was repositioned higher in the water column on November 17, 2016. A significant linear relation could not be developed using samples collected in 2017 after the ADVM was repositioned. The mean SSC for this site based on physically collected samples was 49.6 mg/L (table 2) . Linear regression models for Prescott and Pepin were not significant and could not be used to accurately estimate SSCs. Because acoustic backscatter and streamflow data were not correlated to SSC, mean SSC and daily mean streamflows are reasonable to estimate SSLs at these sites. Increased water residence times and lower flow velocities upstream caused by natural reservoirs in Lake St. Croix and Lake Pepin, respectively, likely resulted in low suspended sediment in the water column and corresponding low acoustic return signals, which limited the ability to develop surrogate relations. Mean SSCs based on physically collected samples were 3.00 and 5.30 mg/L for the outlets of Lake St. Croix and Lake Pepin, respectively (table 2) .
During model development, several samples collected after a storm event on August 17, 2017 (fig. 6 ), were outliers in regression models (Groten, 2018) . The storm was in the upper parts of the Minnesota River Basin and did not affect sediment-rich tributaries (Blue Earth and Le Sueur Rivers) in the lower part of the basin; therefore, the localized nature of this storm may have caused sediment-transport patterns to differ in the study area.
Linear regression models were used to produce time series estimates of SSCs ( fig. 7) at a 15-minute interval for six sites. Caution should be taken with interpretations of estimates of SSCs that extend beyond the site-specific calibration dataset (table 2). The estimated SSCs at Judson only used streamflow as an explanatory variable, so Judson's estimates of SSCs followed the 15-minute time series of streamflow pattern more closely. However, regression models for the other five sites (Mankato, St. Peter, Jordan, Snelling, and St. Paul) included SCB or SAC as one of the explanatory variables, and the resulting estimated SSCs did not follow the streamflow pattern.
Minnesota River at St. Peter, Minnesota
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Estimated suspended-sediment concentration, in milligrams per liter, from sediment attenuation coefficient, in decibels per meter, and streamflow, in cubic feet per second The inconsistency of SSC-streamflow relations can be illustrated using examples from the WY 2016. At Mankato, St. Peter, and Jordan, the highest estimated SSC was in midJune 2016 even though a greater streamflow peak was at the end of September 2016; furthermore, both estimated SSC peaks were before the corresponding streamflow peaks at all 3 sites for these 2 events in 2016. However, the estimated SSCs seemed to follow the streamflow pattern more closely in 2017 than in 2016 at Mankato and St. Peter; whereas, Jordan's estimated SSCs diverged from the streamflow pattern by peaking before streamflow more than the other two sites in 2017. The estimated SSC at Ft. Snelling and St. Paul more closely matched the streamflow pattern except for occasional spikes that likely resulted from tow boats and barge traffic causing resuspension of bottom sediment.
Suspended-Sediment Loads
Time series of daily estimated SSLs and streamflow are shown in figure 8. Estimated daily SSLs were highest from March to November. Generally, there was more SSL in the spring because of higher precipitation amounts; however, daily SSL peaked in fall of 2016 at many sites ( fig. 8 ) because of a substantial rainfall event in late September.
Comparing annual estimated SSLs ( fig. 9 ) helped to determine differences among sites to determine potential sediment sources and sinks ( fig. 10 ). The 15-minute estimates of SSC and daily SSL estimates highlighted the variable nature of suspended sediment (figs. 7 and 8) because of the resolution of the data; however, annual SSLs gave a coarser resolution of annual suspended-sediment budgets. The annual SSLs ( fig. 9 ) indicate the variability between the 2 measured years. Annual SSLs are greater in 2017 than in 2016 at all sites except Jordan and Prescott.
Possible sediment sources (brown triangles) and sinks (blue triangles) are illustrated in figure 10 by the longitudinal changes in annual SSLs among sites along the Minnesota and Mississippi Rivers. The height of the triangle represents the amount of suspended sediment gained or lost between sampling sites. There were substantial differences in SSLs between sites when a major tributary joined the river between them; for example, the SSL was larger at Mankato than Judson likely because of the elevated SSL from the Blue Earth River. Also, the decrease in SSL from Ft. Snelling to St. Paul likely is a result of the upper Mississippi River, which is less sediment laden than the Minnesota River, diluting the SSL at St. Paul. The second most substantial decrease in SSL was a 23- (WY 2016) and 40-(WY 2017) percent decrease from St. Paul to Red Wing. The most substantial decrease in SSL was a 90-percent decrease from Red Wing to Lake Pepin. These sediment sinks from St. Paul to the outlet of Lake Pepin likely are linked to storage in the pools upstream from Locks and Dams Numbers 2 and 3 and Lake Pepin, respectively.
Comparing the sediment yield (annual load divided by basin area) provides insight on the relative measure of erosion rates, sediment contributions from tributaries, and amount of storage between sites ( fig. 11 ). Longitudinal patterns in sediment yields among the nine sites were similar to the annual SSLs ( fig. 8) . The lower Minnesota River outlet yielded 70 and 50 times more sediment than the outlets of Lake St. Croix and Lake Pepin, respectively ( fig. 11) . Also, the highest sediment yield was at St. Peter in 2017 (182 tons per year per square mile [(tons/yr)/mi²]). In contrast, the lowest sediment yield was at Prescott in 2017 (2.6 (tons/yr)/mi²). In WYs 2016 and 2017, the St. Croix River contributed little SSL to the Mississippi River, whereas the Minnesota River contributed a substantial part of the total SSL to the Mississippi River. 
Minnesota River at Mankato, Minnesota
Summary and Conclusions
Sediment-laden rivers in Minnesota cost river users millions of dollars each year (U.S. Army Corps of Engineers, 2006; Minnesota Pollution Control Agency, 2009a) . Excessive sediment in rivers degrades water quality, is deleterious to aquatic habitat, leads to increased navigation channel dredging, reduces recreational opportunities, and can transport harmful contaminants. Sediment loads in the Minnesota River have been a concern among Minnesota State agencies. Most of the sediment loading in the Mississippi River between the Minneapolis-St. Paul (also referred to as "Twin Cities") metropolitan area and Lake Pepin originates in the Minnesota River; furthermore, most of the sediment being deposited into Lake Pepin originates from the Minnesota River Basin. Lake Pepin is an important recreational and commercial resource, and concerns over its fill rate have led Minnesota State agencies to adopt a Sediment-Reduction Strategy.
From 2015 through 2017, the U.S. Geological Survey (USGS), with funding from the Environment and Natural Resources Trust Fund and in cooperation with the U.S. Army Corps of Engineers, Lower Minnesota River Watershed District, Minnesota Pollution Control Agency, and Minnesota Department of Natural Resources, installed and operated side-looking acoustic Doppler velocity meters (ADVMs). These ADVMs were used to estimate continuous, real-time suspended-sediment concentrations (SSCs) at five streamgages in the Minnesota and Mississippi Rivers upstream from Lake Pepin. Acoustic backscatter data from ADVMs were correlated to physically collected suspended-sediment samples. This information is intended to help State agencies monitor progress toward sediment-reduction goals and effectiveness of implemented best management practices and other restoration activities.
This report documents findings based on suspendedsediment data collected at 5 sites on the lower Minnesota River ( hereafter referred to as "Pepin"]) to improve the understanding of fluvial suspended-sediment concentrations and suspendedsediment loads (SSLs). Samples were collected for suspended sediment at Ft. Snelling during water years 2012 through 2017, and samples were collected at the rest of the eight sites during water years 2016 through 2017.
Suspended-sand concentrations among study sites related to stream gradients and indicated that higher gradients may provide the velocities needed to keep larger sand particles in suspension. Generally, suspended-sand and -fines concentrations decreased moving downstream in the Minnesota and Mississippi Rivers. The observed decreases corresponded to decreases in stream gradients and to proximity of pools and lakes.
The Mississippi River upstream from the confluence with the Minnesota River and the St. Croix River upstream from the Mississippi River generally are low in SSCs. In addition, the confluences of the Minnesota and Mississippi Rivers and the St. Croix and Mississippi Rivers substantially increase streamflow downstream. The combination of low SSCs and high streamflows from the upper Mississippi and St. Croix Rivers helped dilute the high SSCs entering the Mississippi River from the Minnesota River and Mississippi River upstream from the St. Croix River, respectively. Decreases in stream gradients corresponded to decreases in SSCs in the Mississippi River from St. Paul to Red Wing and from Red Wing to the outlet of Lake Pepin. Decreases in stream gradients and SSCs likely relate to the presence of locks, dams, and lakes between sampling sites.
Results from statistically significant linear relations indicated that acoustic backscatter data were useful for improving estimates of SSCs for five of the nine study sites: the Minnesota River at (1) Mankato, (2) St. Peter, (3) Jordan, and (4) Ft. Snelling and the Mississippi River at (5) St. Paul. A significant linear relation could not be developed for Judson because of data quality issues caused by the ADVM; however, the linear relation between streamflow and SSC was significant and useful in estimating annual SSLs. For sites that used acoustic backscatter data as an explanatory variable in the linear regression model, the linear relations consistently explained more variability than streamflow alone. Significant linear relations could not be developed to estimate SSC from acoustic backscatter data or streamflow for Prescott, Red Wing, or Pepin, presumably because of consistently low SSCs regardless of acoustic backscatter or streamflow magnitudes.
Relations between streamflows and physically collected sediment samples traditionally have been used to estimated suspended-sediment loads; however, continuous estimated SSC data illustrated that changes in SSCs often did not track with changes in streamflows at study sites. Furthermore, time series comparisons illustrated how duration, time, and extent of SSCs can change from site to site and from year to year. Daily SSLs were highest at all sites from March through November, and results indicated a peak sediment loading event at many of the sites in the fall of 2016. Finally, estimated SSCs peaked before observed streamflow peaks at many sites.
Comparing annual SSLs helped to determine possible sediment sources and sinks. Substantial differences were observed between sites that have tributaries entering the river between them; for example, Mankato had higher SSLs than Judson because of the Blue Earth River flowing into the Minnesota River upstream from the Mankato site. Also, the decrease in SSLs from Ft. Snelling to St. Paul was due to the clearer upper Mississippi River water mixing with and diluting the higher SSL at St. Paul and backwater from the Mississippi River. The second largest decrease in SSL was from St. Paul to Red Wing, and then the largest difference from Red Wing to Lake Pepin illustrates the largest sediment sink with a 90-percent decrease. These sinks along the Mississippi River are likely linked to storage in pools along the lock and dam system and Lake Pepin. The sediment yield patterns among the nine sites were similar to the annual SSLs. The outlet of the Minnesota River contributed more SSL than the outlets of Lake St. Croix and Lake Pepin.
This study provides data from which to characterize suspended sediment across the lower Minnesota River, St. Croix River, and Mississippi River Basins. The analyses discussed in this report will improve the understanding of sedimenttransport relations and sediment budgets. These data provide a baseline that can be used in understanding future changes in climate, land use, restoration, and best management practices that may affect sediment dynamics in the lower Minnesota River, St. Croix River, and Mississippi River Basins. 
